Scientific knowledge is increasingly being stored online. A large number of infrastructures that provide access to scientific knowledge are now available on the Internet. They range from online journals to collaboratories and logic servers.
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I. INTRODUCTION
Scientific knowledge is increasingly being stored online. A large number of publishers, scientific associations and individual researchers are currently launching online sites that are dedicated to scientific knowledge. This leads to the following three problems:
ALTERNATIVES FOR THE DESIGN OF ONLINE SCIENTIFIC KNOWLEDGE
INFRASTRUCTURES.
The designers of internet-based knowledge infrastructures spend considerable effort in experimenting with novel approaches. They need to understand the range of approaches that have been implemented successfully by other pioneers. Thus it is necessary to describe the variety of ideas and conceptualizations on which current knowledge infrastructures are based. This description enables designers to make more informed decisions about the 4 Web-Based Knowledge Infrastructures for the Sciences by A. Hars structure used to represent scientific knowledge and about online support for the processes of creating, disseminating, integrating and deleting knowledge.
CHARACTERISTICS OF ONLINE INFRASTRUCTURES.
The identification of design alternatives requires an analysis of the categories and characteristics of existing online scientific knowledge infrastructures. The literature currently distinguishes between several categories of infrastructures such as online journals, collaboratories, digital libraries etc. Exemplars for each of these categories can be found on the Internet; their key characteristics need to be aggregated and compared to the characteristics of other categories. An alternative to such an empirical approach is a deductive approach that systematically derives insights about online knowledge infrastructures by examining related concepts. Theoretical accounts of the traditional publishing system could be used to examine the impact of information technology on each element of the traditional system. The individual changes can then be aggregated into a consistent picture of an online publishing system that can be used as one approximation for the emerging online infrastructures. The evolution of online infrastructures could then be compared against the theoretical conceptualization. An example of this approach is presented in Hars (1999) . The advantage of the deductive approach is that it is not limited by the immaturity and rapid evolution of current information technology. On the other hand it requires assumptions about the adoption of information technology that may later turn out to be unrealistic.
IMPACT OF IT ON THE SCIENTIFIC COMMUNICATION SYSTEM
The current evolution towards online infrastructures leads to the more general problem of forecasting the impact which information technology may have on the scientific communication system. Information technology may lead to fundamental change in knowledge-intensive processes and in the related institutions. Some of this change is already evident in web sites that are 5 Web-Based Knowledge Infrastructures for the Sciences by A. Hars dedicated to scientific knowledge. The extent of change between the traditional journal-based publishing system and the future online-based scientific communications system, however, is not clear. This article aims to provide insights about the extent of potential change.
Besides analyzing the impact of information technology this article also strives to demonstrate some of its possible implications. One of the key changes induced by information technology is the ability to provide multiple and customized presentations of an article. In the HTML version of this article, therefore, readers may select among different levels of detail and different perspectives depending upon their own interests. The sections selected are assembled dynamically by the browser, using JavaScript embedded in the web page. The text consists of more than 200 sections that can be assembled in more than 20 ways. The number of variations can be increased easily by adding more perspectives. For example, the reader can view text as:
• an approximately 150 word abstract,
• a 650 word extended outline,
• a 4000 word main article or
• a 7000 word in-depth document.
The creation of such adaptive texts will become much simpler as XML (Extended Markup Language) gains widespread support and more mature authoring systems for XML emerge. For the current article, the reader needs to specify her preferences manually. It is only a small step, however, to store user preferences in the browser (e.g. via browser cookies) and to assemble the document automatically to these preferences. The custom assembly of a document from individual sections has the advantage that ultimately reviewers' or readers' comments could be embedded within the text and made accessible on demand. The article also provides direct access to the components of knowledge conveyed in this article. Figure 1 summarizes the contributions of this article around the main types of scientific knowledge. The classification of knowledge types is based on a meta structure of scientific knowledge which is developed in a separate paper (Hars 1999b) . The meta structure consists of problems, concepts, theories, methods, data, statements, frameworks and several other components. Figure 1 lists the key contributions for each type of scientific knowledge. For example, as described in Section I., this article deals with three main problems:
• the impact of IT on the scientific communication system,
• alternatives for the design of scientific knowledge infrastructures and
• characteristics of scientific knowledge infrastructures.
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The figure also lists the concepts that are relevant for online scientific knowledge infrastructures and describes the data on which the insights are based. 
II. TYPES OF KNOWLEDGE INFRASTRUCTURES
In recent years, many institutions and individual researchers founded web sites dedicated to scientific knowledge. As the following analysis will show, their approaches vary greatly. While some sites focus on the dissemination of knowledge, others seek to create and integrate knowledge. While some of the sites transpose the traditional publishing system to the Internet, others experiment with novel approaches for managing scientific knowledge and aim to eliminate perceived deficiencies of the current system.
The current publishing system is deeply ingrained in scientific processes. It is not only based on technical innovations such as the printing press but also on institutional elements which evolved over time such as publishers, editorial boards, libraries, and tenure committees. The system can be used in many different ways and is highly flexible. It is taken for granted by many researchers.
Thus the current publishing system has the characteristics of an infrastructurea substrate on which research and scientific communication can be performed 8
Web-Based Knowledge Infrastructures for the Sciences by A. Hars (Star & Ruhlehder 1996, p.113) . IT is changing this substrate and we are now witnessing the first elements of tomorrow's online knowledge infrastructures. In the online world, the term 'publishing infrastructure' may be misleading, however, because online infrastructures need not be limited to publishing. They may add support for the earlier phases of knowledge creation and integration. Therefore the term 'scientific knowledge infrastructure' will be preferred in this article.
The evolution of knowledge infrastructures has received much attention in the last fifty years. In 1945, Bush sketched a vision of a worldwide infrastructure which would allow the individual to access all human knowledge and which would support associative thinking (Bush 1945) . Inspired by Bush's vision, Engelbart (1962) developed the first Hypertext system, Augment. Nelson worked on similar approaches and coined the term 'hypertext' for systems that allow "nonsequential writing" (Nelson 1981 ).
Hypertext became a synonym for a vision of future knowledge infrastructures in which fragments of texts are intensively cross-referenced in combination with a user interface which allows accessing text non-linearly (Spring 1991 ). The vision is strongly based on the goal of improving the interaction between human and computer and on reflecting the associative structure of human memory in the system. Because of the broadness of the visions, the implementation details of hypertext systems vary considerably. This ongoing stream of research resulted in many experimental hypertext systems as described by Münz (1997) and Conklin (1987 Web-Based Knowledge Infrastructures for the Sciences by A. Hars he termed scholarly sky-writing -short scholarly pieces which are published immediately upon receipt and which invite rapid comment from peers (Harnad 1990 ). • Analysis of existing web indexes.
RESEARCH METHOD
• Querying search engines for terms such as 'collaboratory', or 'encyclopedia'. • Using references from the scientific literature and following onlinereferences.
• Exploring the World Wide Web.
A variety of online knowledge infrastructures exist. Figure 2 shows the main categories that are discussed in this section. The subsequent analysis will show that the boundaries between these infrastructures are fluid. Table 1 summarizes the characteristics of the categories and provides links to several exemplars for each category. A screen shot of JAIR is shown in Figure 3 . The information space consists of three sections. One section (to the right) displays all articles grouped by topic.
The distance between the circles for each topic represents the conceptual distance between the topics. On the top left, the title and abstract of the currently selected article are shown. The bottom left is a tabbed section which allows to list articles by author or titles and which provides access to the search engine. JAIR demonstrates one key advantage of an online environment: the ability to link articles into a dynamic knowledge structure which provides direct access to all articles concerning a specific topic independently of their publishing date.
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The interface is very basic and the underlying technology is simple.
Administration requirements and costs of operation are minimal. This archive shows the value of knowledge infrastructures that concentrate on the core advantages of the system -in this case the instant dissemination of scientific articles to anyone interested -rather than on bells and whistles. Preprint journals differ from traditional journals in one essential aspect: articles are accepted without review and published instantly for retrieval by interested readers.
DIGITAL LIBRARY
Digital libraries aim to bring the library to the user (Story et al 1992 
ENCYCLOPEDIA
In the 18 th century, an alternative to topical books and learned journals appeared in France and England (Guedon 1996, p.77) . Encyclopedias aim to collect the core knowledge that is relevant in a field and organize it for rapid access by readers who may have very different needs and interests. As a consequence, the way in which knowledge is structured becomes a core concern. Encyclopedias use cross-references extensively to allow the reader to find his unique path through the knowledge rather than forcing each reader on the same path. Thus encyclopedias differ significantly from the journal paradigm. While authorship is very important in journals, the concept is less central to encyclopedias. When many persons contribute to an entry and when entries are updated frequently, it becomes difficult to clearly attribute the role of each participant. When knowledge is synthesized from many sources, when only a few sentences are changed from a previous version, who is the author? Encyclopedias show that much of the body of scientific knowledge is a collective enterprise that is based on many small contributions of a large number of individuals.
Many knowledge infrastructures in encyclopedic form are available on the
Internet. An example from the field of biology is GenBank, a database of genome data (Burks et al. 1990 
BULLETIN BOARD
A bulletin board is an electronic message database which allows users to read and post messages. Subcategories are listservers that push messages to readers and newsgroups that implement a pull strategy (Kendall and Kendall, 1999 This category of knowledge infrastructures differs greatly from those discussed previously. Logic servers are sites that allow researchers to describe scientific knowledge formally using a logic-based language. They allow the specification of ontologies -formal definitions of concepts that are relevant in a domain and of their attributes and relationships (Guarino & Giaretta 1995) . Stanford's Ontolingua Server, for example, allows any user to author an ontology. It provides an editor for the definition of knowledge and various services for analyzing the content and ensuring that the knowledge is consistent (Farquhar, Fikes & Rice, 1996) . In addition, Ontolingua Server allows reusing existing ontologies. Thus authors can import core ontologies, e.g. for describing key spatial and temporal concepts rather than defining them themselves. In the social sciences, custom editors may enable an author to systematically describe key attributes of a theory, a variable or an instrument. It may also allow to incorporate existing concepts, variables and instruments into a new theory.
Similarly, automated algorithms may search a scientific knowledge infrastructures to find theories or methods that have substantial overlap in structure or the concepts used.
III. OVERVIEW OF CHARACTERISTICS
In Section II, many characteristics of online scientific knowledge infrastructures were identified. The most important among them are discussed in this section.
MODE OF INTERACTION
Online infrastructures differ in the way in which users interact with the system. In 
TIME TO PUBLISH
Several infrastructures depart from the traditional sequence of authoring, review and publishing. For example, preprint journals, bulletin boards and collaboratories publish contributions as soon as they are submitted and before they are reviewed. Thus the designers of a knowledge infrastructure need to decide upon the desired publishing delay. Instant publishing of an article submitted to a knowledge infrastructure reduces publishing delay effectively to zero and increases communication among peers. The disadvantage is that some control over article quality is lost. However, in contrast to the print environment, in an online world publishing is reversible. If the review is negative, the article is simply removed from the site. This approach is already visible in some journals which provide a separate space for articles which are under review. In an online environment, the concept of 'separate' spaces, however, is misleading. It assumes that the infrastructure is static and that each reader is presented with the same layout and content. When the presentation is customized automatically to the preferences of each reader, however, the structure of the publishing space may differ from reader to reader. While some readers may use the distinctions among accepted, in review, and rejected papers as their primary criterion for structuring their space, others may prefer to access articles by topic and include rejected papers in some topics. This arrangement may not only be useful for maintaining the history of work but also allows researchers to stay abreast of the activities of direct competitors who perform similar research.
REVIEW
The online environment can change the review process in several ways. Workflow software speeds up the process and allows tracking the activities of readers and reviewers. More important, review no longer needs to be binary. Instead of summarily evaluating an article, reviewers may evaluate it along several dimensions, such as rigor, relevance, and originality. While journals may aggregate these criteria for their acceptance decision, the criteria can also be used by readers to create personalized review functions. When each article contains these evaluations, then tables of contents can be generated dynamically depending on the individual reader's preferences for criteria such as rigor, relevance and originality. This arrangement improves the chances for acceptance of 'niche articles' of interest only to small audiences.
The online environment can also support mechanisms other than traditional peer review. Examples are reader evaluations, recommendations based on access or usage statistics, and collaborative filtering approaches. Collaborative filtering is a technology that generates recommendations for users based on others'
evaluations (Konstan et al. 1997) . A collaborative filtering system records the preferences or evaluations of its users. Based on an analysis of the preferences it generates a profile of each user. When a user looks for new items he would be interested in, the system identifies users with a similar profile and then recommends items they ranked highly.
STRUCTURE OF KNOWLEDGE
The infrastructures differ in the way in which they represent and organize knowledge. In journals, the article is the core unit of knowledge. A third aspect is the way in which knowledge is organized. While some electronic journals provide access to journal articles through a table of contents -which is ordered by publication date -other infrastructures organize knowledge by subject area and intensively cross-reference knowledge. These approaches do not exclude one another. Therefore electronic journals may add subject area indices.
In addition, they may integrate each new contribution into a higher level of structure of knowledge where articles are cross-referenced systematically.
AUTHORSHIP
Journals not only disseminate knowledge, they also record the evolution of 
IV. IMPLICATIONS
The preceding survey showed that knowledge infrastructures adopt a wide range of approaches. While the majority of current infrastructures are still modeled on the traditional journal, the other infrastructures point to many implications for the evolution of scientific knowledge infrastructures. The most important implications are briefly summarized in this section.
FROM DISSEMINATION TO COLLABORATIVE CREATION OF KNOWLEDGE
In the paper environment, articles are static; the primary focus is on the dissemination of knowledge. Direct communication between reader and author or between different authors is not possible. In the online environment, however, articles can be updated and links and annotations can be added easily. Thus, knowledge becomes dynamic and knowledge infrastructures can change the focus towards supporting the processes of knowledge creation and integration, which includes discourse among authors and between author and reader. Thus online infrastructures allow a more complete support of the scientific research process. They are not limited to dissemination. In the long run this change may lead to a reassessment of the finality of scientific knowledge. While paper articles led to a concept of scientific insights being 'etched in stone' (Harnad 1992), information technology may lead to a different understanding of scientific knowledge -as sparks in a continuous scientific discourse.
MORE FOCUS ON THE STRUCTURING AND INTEGRATION OF KNOWLEDGE
Information technology allows embedding contributions in a dynamic web of relationships. Therefore the structuring of knowledge and the integration of insights into the existing body of knowledge will become more important. In the paper environment, category systems and references cannot lead the reader directly from one article to another. In the online environment, in contrast, knowledge structures can be maintained in parallel with individual contributions and each contribution can be linked into the structure so that readers can follow the links and access the linked contributions directly. This change is important for references and citation. In the paper environment, these links only work in one direction: the reader of a cited article cannot determine which articles cite the work being read. Thus the evolution of knowledge can be traced backward, but not forward. Information technology allows bi-directional links. When citations are stored in a database, it is possible to find out which articles have cited a particular work. Unfortunately, the current implementation of the World Wide Web is based on unidirectional hyperlinks. This limitation does not prevent knowledge infrastructures which are built on top of the WWW to implement a bi-directional link mechanism.
FLUID BOUNDARIES BETWEEN DIFFERENT TYPES OF KNOWLEDGE
INFRASTRUCTURES
Although the types of knowledge infrastructures discussed in this article differ in many characteristics, the boundaries of each type of infrastructure are not fixed.
An electronic journal, for example, may incorporate interaction features such as reader annotation or collaborative editing. These features move the journal towards a collaboratory. The journal may also add detailed subject area indices and implement an alternative encyclopedic access structure to the articles. It then becomes increasingly difficult to determine to which of the knowledge infrastructure categories the infrastructure belongs. Similar to Internet search engines (e.g. Altavista) and Internet directory services (e.g. Yahoo) which originated as clearly separate categories but now have adopted many of each others characteristics, the evolution of online scientific knowledge infrastructures may lead to the dissolution of the currently still evident boundaries among the different categories discussed above. This does not imply that all future knowledge infrastructures will be identical. However, the overlap in their characteristics will increase greatly.
ONLINE DOCUMENTS MAY ADAPT TO THE USER
While traditional articles are static, the presentation of online documents can be adapted to the specific needs of each reader. Documents may be assembled automatically from many small segments of scientific knowledge. These segments need not all be part of a single document but may come from more than one article. Thus texts may change as new knowledge is added to an online knowledge base. A key issue for using adaptive documents is the further maturing of XML and creation of standards for marking up elements of scientific knowledge within a document.
V. CONCLUSION
The transition towards mature online knowledge infrastructures poses many scientific and practical challenges. The analysis demonstrates that:
1. Information systems researchers need to develop novel computer-supported approaches for structuring, organizing, integrating, and visualizing scientific knowledge.
2.
The scientific community needs to rethink its institutions for scientific communication and restructure its reward system.
Change will not be easy or quick. It takes time to unlearn conventional wisdoms e.g. that articles need to be reviewed before they are published or that scientific insight is best packaged in articles that consist of hundreds of scientific statements. Furthermore, revenue models need to be adapted.
Information systems researchers have long argued businesses need to apply IT to reinvent and transform their processes. It is time to apply this insight to our own domain.
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